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Avoiding the Water-Poverty Trap: Insights from a Conceptual Human-

Water Dynamical Model for Coastal Bangladesh 

Abstract 

Water-related risks impact development opportunities and can trap communities in a 

downward spiral of economic decline.  In this paper, the dynamic relationship between water-

related risks and economic outcomes for an embanked area in coastal Bangladesh is 

conceptualized. The interaction between flood events, salinity, deteriorating and poorly 

maintained water infrastructure, agricultural production and income is modelled. The model 

is used to test the effect of improvements in the reliability, operation and maintenance of the 

water infrastructure on agricultural incomes and assets. Results indicate that interventions can 

have non-marginal impacts on indicators of welfare, switching the system dynamic from a 

poverty trap into one of growth. 

Keywords: Bangladesh, salinity, coupled human-water systems, system dynamics, poverty, 

water security  
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Introduction 

Empirical analyses of hydro-climatic variability and economic output (measured as GDP) 

have shown that hydrological variability and water-related disasters, such as floods and 

droughts, have a statistically significant effect on economic growth in many countries, (e.g., 

Brown and Lall, 2006; Brown, Meeks, Hunu and Yu., 2011; Brown, Meeks, Ghile and Hunu, 

2013). Recent work by Sadoff et al. (2015) highlighted the global economic impact of water 

insecurity.  

At the micro level, empirical evidence suggests that environmental shocks, including those 

related to water, play a significant role in compromising the potential for economic 

development and in perpetuating poverty (Carter, Little, Mogues and Negatu., 2007; Dercon 

and Christiaensen, 2011). Recent natural disasters in South Asia (e.g., typhoon Hayan and 

cyclone Alia) are also a reminder of the increasing vulnerability and exposure of poor 

populations to water-related shocks (Barbier, 2014) and the potential for climate change to 

seriously compromise poverty reduction efforts (Hallegatte et al., 2016).  

Although empirical analyses have shown the impact of water on economic growth, there 

remains a lack of understanding of (i) how multiple water-related hazards aggregate within 

coupled human-natural systems to influence overall economic activity, potential for 

economic development and poverty reduction and (ii) how alternative water security 

interventions (e.g., investments in water infrastructure or water management institutions) 

influence the dynamics of these coupled systems and contribute to poverty reduction efforts. 

This understanding is crucial to inform the appraisal of water security interventions, which 

needs to be based on the quantification of the dynamical response of complex coupled 

human-water systems to sequences of interventions over time.  

Nonetheless, economic appraisal of the benefits of interventions in water systems (e.g., 

through irrigation, drainage, flood protection or provision of safe drinking water supplies and 
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sanitation) typically takes a marginal approach, quantifying the direct impacts in terms of 

increased agricultural production, reduced risks of flooding or infant mortality or time saved 

in collecting water (Hutton, 2013). This bottom-up approach does not deal with the 

distributional effects of water-related risks, in particular for the poorest in society, nor does it 

consider the non-marginal effect that improvements in water security might have on the 

dynamics of growth at community and regional scales. Focusing on these non-marginal 

effects and on the human-water system dynamics helps to better understand and model the 

persistence of water-related risks and interventions in the economy and their long-term 

effects on economic activities and investment planning (for an application to the economic 

costs of climate change see Estrada, Tol and Gay-Garcia (2015)). 

This focus on the dynamics between human activities and the water environment is at the 

core of the International Association of Hydrological Sciences Scientific Decade on ‘Change 

in Hydrology and Society’ (Montanari et al., 2013), which calls for improved understanding 

and prediction of coupled human-water systems. A similar focus is also emerging in the 

development literature, where there is increasing recognition that appraisals of development 

and poverty reduction interventions need to account for the complex nonlinear dynamics 

underlying coupled human-natural systems and their inherent uncertainty (Ramalingam, 2013; 

Hallegatte et al., 2016). 

A range of established (e.g., Coupled Human and Natural System (Liu et al., 2007); system 

dynamics (Mirchi, Madani, Watkins and Ahmad, 2013)) and emerging (e.g., socio-hydrology 

(Sivapalan, Savenije and Blöschl, 2012)) interdisciplinary frameworks have been applied to 

study and model the dynamics of coupled human-water systems. Di Baldassarre, Kooy, 

Kemerink and Brandimarte (2013) and following studies (Viglione et al., 2014; Di 

Baldassarre et al., 2015) modelled flood risk as a dynamical function of flood events, 

collective memory and societal decisions on resettlement or investment in flood protection. 
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The framework developed by Di Baldassarre et al. (2013) was extended by Grames, 

Prskawetz, Grass, Viglione and Blöschl (2015) to develop a theoretical model of flood 

occurrence and economic growth. Giuliani, Castelletti and Gandolfi (2016) simulated 

adaptation decision-making in irrigated agriculture and in the context of urban water systems, 

whilst Garcia, Portney and Islam (2016) developed a socio-hydrological model to compare 

alternative reservoir operating polices based on the interaction between reliability and 

demand growth. 

In the context of water, poverty and the economy, system dynamics approaches have been 

used to model small holder farmer systems in Maharastra (India) under changing 

hydrological and economic conditions (Pande and Savenije, 2016), the theoretical 

relationships between water and trade (Dang et al., 2016), natural resource-based poverty 

traps in Kenya (Stephens et al., 2012) and the relationship between economic growth, 

infectious diseases and poverty traps (Ngonghala et al., 2014). For more comprehensive 

reviews of recent studies on coupled human-water systems the reader is referred to Troy, 

Konar, Srinivasan and Thompson (2015a), O’Donnell and O’Connell (2016), and Blair and 

Buytaert (2016). 

This study adopts a coupled human-water system dynamics approach to conceptualise and 

model flooding of agricultural land, soil salinity, farmers’ incomes and deteriorating and 

poorly maintained water infrastructure in embanked areas in coastal Bangladesh. The aim of 

this study is to understand and model the dynamical interaction between water-related 

hazards, agricultural-dependent livelihoods and water policy interventions in coastal areas 

undergoing environmental change. In particular, this study’s objectives are to (i) examine the 

effects of soil salinity and flooding on the persistent poverty of farmers and the extent to 

which these water-related hazards reinforce a water- poverty trap and (ii) simulate the non-

marginal effects that improvements in reliability, operation and maintenance of water 
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infrastructure have on the dynamics of poverty and growth. The model presented here, 

similar to other coupled human-water models (e.g., Di Baldassarre et al., 2015), is conceptual 

and exploratory, though it is inspired by the challenging and very dynamic situation in coastal 

Bangladesh and incorporates realistic parameters defined using secondary data. The model 

should be interpreted as a tool to learn about the system in question, inform future model 

development, monitoring and data collection. 

The paper proceeds by introducing the context for the case study and providing a detailed 

explanation of the coupled human-water system model in Section 2. The results of the model 

are presented in Section 3. In Section 4 results are discussed and emphasis is placed on future 

model improvements and priorities for data collection. Section 5 presents the conclusions. 

Case Study System 

Water and Poverty Dynamics in Coastal Bangladesh 

The manifestations of water and poverty dynamics in coastal Bangladesh are multiple and 

include lack of access to safe drinking water sources and sanitation facilities, pollution and 

high exposure to water-related disasters (Ahmad, 2003). This paper focuses on issues related 

to flooding and salinity and their impact on poverty in embanked areas in coastal Bangladesh. 

The low-lying areas in the Ganges-Brahmaputra tidal delta plain were embanked in the 1960s 

and 1970s to protect communities from tidal flooding and boost agricultural productivity and 

food security (Nowreen, Jalal and Khan, 2014). Drainage channels and sluice gates were 

constructed inside these embanked areas, known with the Dutch term ‘polders’, to regulate 

freshwater flows (Zaman, 1983). Despite the increased food production afforded by these 

interventions, the 8 million people living in the coastal polders are still vulnerable to water-

related hazards and poverty remains extreme (Tuong et al., 2014). Furthermore, the current 

status of poor management and deterioration of the flood protection and drainage 
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infrastructure (Thompson and Sultana, 1996) will be exacerbated by the long-run effects of 

sea level rise and erosion (Payo et al., 2016), salinity intrusion (Hussain, Islam, Hossain and 

Hoque, 2012; Hoque et al., 2016) and the projected intensification of cyclone-related storm 

surges (Dasgupta et al., 2014a).  

In response to this situation, a large number of initiatives are being planned and implemented 

to reduce coastal communities’ vulnerability to water-related hazards, to improve well-being 

and economic welfare and to create opportunities for economic development. Examples 

include the Coastal Embankment Improvement Project (World Bank, 2013), the BlueGold 

project (BlueGold, 2012), UNICEF’s Managed Aquifer Recharge programme (UNICEF, 

2014) and the Bangladesh Delta Plan (General Economic Division, 2014). 

An improved understanding of the water- poverty dynamics and the role that alternative 

interventions have in altering these dynamics has the potential to inform these ongoing 

initiatives and future water-related investments in the area. The impacts of water and 

especially climate-related risks on livelihoods in coastal Bangladesh have been examined in 

several studies (e.g., Shameem, Momtaz and Rauscher (2014); Toufique and Islam (2014); 

Ahsan and Warner (2014); Hossain (2015)). Recent work by Mutahara, Haque, Alam Khan, 

Warner and Wester (2016) developed a novel framework to investigate the livelihood 

security of coastal communities exposed to storm surge hazard. A focus on livelihoods is also 

at the centre of Bernier, Sultana, Bell and Ringler (2016)’s work examining the role of 

agriculture and irrigation infrastructure on well-being and livelihood strategies in coastal 

Bangladesh. Work by Szabo et al. (2016) tested the impact of soil salinity and household 

socio-economic characteristics on food security in coastal Bangladesh. Nicholls et al. (2016) 

used a novel integrated assessment model to analyse the dynamics between ecosystem 

services and livelihoods in the Ganges-Brahmaputra-Meghna Delta within Bangladesh. Di 

Baldassarre, Yan, Ferdus and Brandimarte (2014) studied the interplay between human 
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population dynamics and flooding at the country-level. The approach presented in this paper 

differs in that the dynamics between agricultural incomes, water-related hazards and water 

infrastructure are conceptualized at the scale of an individual polder. 

To conceptualize these dynamics, a stylized system model of an embanked area in coastal 

Bangladesh is developed. Data from the academic literature and a recent survey (Bangladesh 

Water Development Board, 2012) is used to guide model formulation and parameterization. 

The Bangladesh Water Development Board (2012) survey identified a range of water-related 

issues that negatively influence livelihoods in the coastal polders, including soil salinity, 

flooding, deteriorating embankments, drainage congestion due to a lack of system operation 

and maintenance. The model is built to examine and understand changes in agriculture-based 

incomes in response to these water-related variables. 

The schematic diagram in Figure 1 depicts the major state variables and interactions 

considered in this dynamical model and builds on theoretical models of poverty-environment 

traps in coastal areas (Barbier, 2015). Soil salinity limits crop growth, which is also affected 

by other environmental limiting factors. In the dynamical model, the levels of soil salinity 

vary seasonally and depend on the state of the water infrastructure and the level of saline 

water intrusion. In reality, soil salinity is influenced by a number of other factors including 

rainfall, evaporation and depth of the groundwater table which are not considered in this 

model. 

Periodic floods inundate part or all of the area available for agriculture, causing abrupt losses 

in agricultural yields and incomes. Different types of floods occur in coastal Bangladesh, 

including river floods, tidal floods and storm surge floods due to tropical cyclones (Rahman 

and Salehin, 2013). In the model the occurrence of storm surge floods due to tropical 

cyclones and the subsequent reduction in the area available for productive agriculture are 

http://bangladesh.nlembassy.org/binaries/content/assets/postenweb/b/bangladesh/netherlands-embassy-in-dhaka/import/wpp/tender-aug-2012/polder-assessment-polder-45-final-version---may-2012.pdf
http://bangladesh.nlembassy.org/binaries/content/assets/postenweb/b/bangladesh/netherlands-embassy-in-dhaka/import/wpp/tender-aug-2012/polder-assessment-polder-45-final-version---may-2012.pdf
http://bangladesh.nlembassy.org/binaries/content/assets/postenweb/b/bangladesh/netherlands-embassy-in-dhaka/import/wpp/tender-aug-2012/polder-assessment-polder-45-final-version---may-2012.pdf


9 

 

simulated. The frequency and magnitude of these flood events are parameterized and can be 

changed to simulate increased frequency and magnitude of flooding as a result of climate 

change.  

Soil salinity, flooding and decaying water infrastructure – which includes the flood protection 

as well as the drainage infrastructure- all negatively impact agricultural production. This 

declining agricultural production leads to declining incomes and assets. Household assets also 

suffer periodic shocks due to flooding, reinforcing what is called here the water-poverty trap. 

The model is employed to explore these water- poverty dynamics and their response to 

interventions, modelled as improvements in the water infrastructure which may result from 

collective action dedicated to the operation and maintenance of the infrastructure or 

engineering measures to rehabilitate existing structures. 

[Figure 1 here] 

The state variables and interactions depicted in Figure 1 are encoded in a series of equations 

described in detail in the following section. These equations are based on relationships 

proposed in the literature (e.g., the flood occurrence) and/or simple conceptual formulations 

of natural or socio-economic processes. The simulation model is developed and run on a 

monthly time step to account for the seasonality in salinity levels. 

The lack of data and the stylized nature of the equations mean that it is impossible to validate 

this model in a traditional sense, nonetheless general figures from government surveys are 

adopted to sense-check the results. These equations can be considered as working hypotheses 

of the relationships between different components of the system (Troy, Pavao-Zuckerman 

and Evans, 2015b).  As noted by Sivapalan and Blöschl (2015), the impossibility of 

validating the model in a traditional sense does not limit its usefulness in terms of exploring 
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system dynamics, further the general understanding of the processes and inform future model 

development.  

Model Components 

Agriculture 

Agricultural production is the central element of the model, as it links water-related hazards 

to well-being metrics based on incomes and asset accumulation. Agricultural production P is 

modelled for a typical small farm in Bangladesh (Table 1).  This amount of land is taken to 

be the maximum area available for cultivation in the farm, and then it is subject to flooding 

according to the relationship specified in Section 2.2.2 below. 

[Table 1 here] 

The income and water security dynamics for the landless are not modelled explicitly, though 

it should be noted that they will be influenced by salinity and flooding because job and 

income opportunities for landless wage labourers are expected to decrease when fewer land is 

available for agriculture.   

The area available for agricultural production A at each time step t in the simulation is a 

function of the total area AT available for cultivation and the flooded area AF as explained in 

section 2.2.2. Agricultural yields in the polder will depend on this area A and also on a range 

of factors, including soil salinity, temperature, labour and fertilizer use amongst others. In 

this stylized model, agricultural yields are estimated as a function of soil salinity levels sL and 

an environmental stress parameter eF  (e.g., Cho and Oki, 2012). This environmental stress 

parameter is not impacted by the polder system’s characteristics nor by the water security 

interventions and is thus held constant throughout the simulation.  This parameter could be 

equally expressed as a time-dependent stochastic function of rainfall, temperature data, 

atmospheric CO2 concentrations and other environmental variables which affect crop growth 

and yield.  
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To estimate the yield under changing salinity conditions, the analysis starts by identifying a 

value of the average yield �̅�𝑥  per hectare for a specific crop x in the coastal area of 

Bangladesh, shown in Table 2 (Bangladesh Water Development Board, 2012). This is the 

yield obtained when environmental conditions are favourable to crop growth. Then the actual 

yield Yx is determined, that is, the yield a hypothetical farmer would get after limiting factors, 

such as salinity sL and other environmental stresses eF, are taken into account: 

𝑌𝑥(𝑡) =   �̅�𝑥 (𝑡) −  �̅�𝑥 (𝑡) ∙ min ((𝑠𝐿(𝑡) + 𝑒𝐹), 1)                                                     (1) 

The estimated actual yield per hectare can then be combined with the total area available for 

agricultural production Ax for each crop x to determine total production P for each crop x.  

Table 2 presents the percentage of the area allocated to each crop and the crop calendar in the 

hypothetical farm (i.e. time of the year when crops are grown), determined using data from 

Bangladesh Water Development Board (2012). According to this distribution, paddy cultivars 

account for 69% of the cultivated area, with the remaining 31% used for non-paddy crops 

(grass pea, vegetables). The crop calendar is used to limit production for each crop to the time 

period specified in Bangladesh Water Development Board (2012). The model does not 

simulate the different stages of crop growth, so the relationship between growth stage, plant 

response to different stresses (e.g., salinity, flooding) and harvest at the end of the crop year 

cannot be explicitly modelled. To obtain a first order approximation of the impact of different 

stresses on agricultural production, agricultural production P is assumed to correspond to the 

minimum yield obtained during the crop calendar interval (c1,c2): 

𝑃𝑥 (𝑡) =  𝑚𝑖𝑛
𝑐1≤𝑡≤𝑐2

(𝑌𝑥(𝑡) ∙ 𝐴𝑥(𝑡))                                                                                                    (2)  

The agricultural income 𝜋 for the household at the end of each year n is a function of the 

actual yields for each crop type and the crop prices indicated in Table 2 (BBS, 2013): 

http://bangladesh.nlembassy.org/binaries/content/assets/postenweb/b/bangladesh/netherlands-embassy-in-dhaka/import/wpp/tender-aug-2012/polder-assessment-polder-45-final-version---may-2012.pdf
http://bangladesh.nlembassy.org/binaries/content/assets/postenweb/b/bangladesh/netherlands-embassy-in-dhaka/import/wpp/tender-aug-2012/polder-assessment-polder-45-final-version---may-2012.pdf
http://www.bbs.gov.bd/WebTestApplication/userfiles/Image/LatestReports/AgriYearbook-2013.pdf
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𝜋 (𝑛) = [∑ 𝑝𝑥 ∙ 𝑃𝑥 (𝑡)

10

𝑥=1

]    |    𝑡 ∈ 𝑛                                                                                              (3) 

Crop prices can vary with time, but they are assumed to be constant here for simplicity.  

[Table 2 here] 

Flood occurrence 

Flood occurrence is modelled as a marked point Poisson process where flood events occur 

uniformly at random with an average waiting time λ with a magnitude F (Viglione et al., 

2014). On average a severe cyclone strikes Bangladesh every three years (MOEF, 2009), so 

for the baseline simulations the waiting time λ is set to 1/36 (given the model’s monthly time 

step). The flood magnitude F is sampled from a beta distribution with parameters 1 and 1.4. 

The fraction of land area AF flooded during an event is a function of the magnitude of the 

event F, the reliability of the water infrastructure eR and a damage parameter γ: 

𝐴𝐹 (𝑡) = {

𝐴𝑇

𝛾 ∙  𝑒𝑅(𝑡)
 ∙  𝐹3(𝜏) 𝑖𝑓 𝑡 = 𝜏 

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

                                                                                     (4) 

where 0 ≤ 𝐴𝐹 ≤ 𝐴𝑇,  τ is the time of occurrence of a flood and the value of γ has been set to 

5.  

The flood waters retreat following an exponential decay function, which assumes that the 

flooded area is completely recovered after 6 months. This flood water retreat function 

determines the area available for cultivation A at any time t during the simulation: 

𝐴 (t) =  { 𝐴𝑇 −   𝐴𝐹(𝑡) ∙  𝑒−
𝜏−𝑡

5 𝑖𝑓 𝜏 < 𝑡 < 𝜏 + 5
𝐴𝑇 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

                                                                     (5)  

The exponent of the exponential decay function can be changed to simulate cases where the 

retreat of flood waters takes more than 6 months, causing water-logging and longer periods of 

reduced agricultural production.  
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Salinity 

Soil salinity in Bangladesh is a time-dependent process with a minimum typically observed 

during the monsoon season (June to October), when rainfall washes off salinity from the soils. 

As freshwater availability decreases, soil salinity levels increase from November onwards, 

with maximum levels during March and April. The soil salinity data presented in Lázár et al. 

(2015) is used to define a soil salinity profile sp which defines 'background' salinity 

conditions. In reality, the impact of soil salinity on crops will also depend on the type of crop 

and on the crop growth stage. Given the conceptual nature of the model presented here and 

the lack of field data on soil salinity, information on salinity tolerance was not included in the 

model.  

Soil salinity is also a function of an intrusion parameter q which controls the level of saline 

water intrusion due to external stresses (e.g., sea level rise or shrimp farming expansion 

(Karim, 2006)). This parameter can be used to explore the sensitivity of agricultural 

production to increases in salinity, which negatively impacts livelihoods in the area also by 

compromising drinking water quality (Khan et al., 2011; Rabbani, Rahman and Minuddin, 

2013; Shameem, Momtaz and Rauscher, 2014; Dasgupta, Huq and Wheeler, 2015). The 

intrusion parameter q can be constrained by referring to projections of salinity increases in 

the area (for example Dasgupta et al., (2014b)). Salinity levels are also a function of the 

reliability, operation and maintenance of the water infrastructure which regulates freshwater 

and saltwater flows in and out of the polder:  

𝑠𝐿 (𝑡) =  
𝑞

𝑚𝑖𝑛 (𝑒𝑅(𝑡), 1)
∙ 𝑠𝑝(𝑡)                                                                                            (6) 

Water Infrastructure Reliability, Operation and Maintenance 

A time dependent deterioration process is used to model the changing reliability, operation 

and maintenance of the polder’s water infrastructure (e.g., Buijs, Hall, Sayers and van Gelder, 

2009). This variable ranges from 0 (no flood protection and poor state of the internal water 

drainage systems) to 1 (maximum flood protection level and regular operation and 
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maintenance). The water infrastructure eR is assumed to deteriorate at a rate de.  The water 

infrastructure is also affected by potential interventions Ie which can increase its reliability, 

operation and maintenance over a time interval ts and te: 

𝑒𝑅(𝑡) =   {
𝑒𝑅(𝑡 − 1) − 𝑑𝑒 ∙ 𝑒𝑅(𝑡 − 1) − 𝐷(𝑡) + 𝐼𝑒 𝑖𝑓 𝑡𝑠 ≤ 𝑡 ≤ 𝑡𝑒

𝑒𝑅(𝑡 − 1) − 𝑑𝑒 ∙ 𝑒𝑅(𝑡 − 1) − 𝐷(𝑡) 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
                                       (7) 

where 0 ≤ 𝐼 ≤ 1 − 𝑒𝑅(𝑡 − 1) and 0 ≤ 𝑒𝑅(𝑡) ≤ 1. Although the type of interventions to 

improve the water infrastructure are not specified, they may comprise single or multiple 

measures, such as heightening of the embankment crest, foreshore afforestation to reduce the 

hydraulic load on the embankments during a storm, regular cleaning of the drainage canals or 

strengthening of institutional arrangements for the maintenance of water diversion and sluice 

gates (e.g., Dewan, Mukherji and Buisson, 2015). Deterioration of the water infrastructure 

may result when local communities or governments fail to carry out routine maintenance 

work or are not properly involved in project planning and operation (Thompson and Sultana, 

1996). Lack of maintenance of the water infrastructure can be intentional to allow for 

brackish water flow in shrimp farms (Paprocki and Cons, 2014). 

The water infrastructure experiences a damage D during storms, as for instance reported by 

Islam, Bala, Hussain, Hossain and Rahman (2011) following Cyclone Sidr, which is 

proportional to the magnitude F of the flood event in question: 

𝐷(𝑡) = {

𝐹(𝜏)

𝛽
𝑖𝑓 𝑡 = 𝜏

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

                                                                                                                 (8)  

where β is the water infrastructure damage parameter which has been set to 20.  
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Incomes 

Income in any year of the simulation equals to the agricultural income 𝜋 (𝑛), which is taken 

here to be the only income generating activity. Other income generating activities, such as 

labour sale and fishing are not considered in the model.  

The agricultural income estimated with equation (3) is compared to the income figures (Table 

2) for rural households with similar size of land holding presented in Bangladesh’s 

Household Income and Expenditure Survey (BBS, 2010) to appraise the model’s ability at 

reproducing reasonable agricultural income estimates for the area. 

A saving fraction φ of the income generated via agricultural activities contributes to the assets 

K. These assets build over time and enable the households to deal with unforeseen expenses, 

such as losses incurred due to flooding. The evolution of the asset stock is a function of a 

depreciation rate 𝛿,  income π, and expenditure L incurred following a flood-related shock. 

The asset for each year n in the simulation is: 

𝐾(𝑛) = {
𝜑 ∙ 𝜋 (𝑛) + 𝛿𝐾(𝑛 − 1) − 𝐿(𝑡) 𝑡 ∈ 𝑛

𝜑 ∙ 𝜋 (𝑛) + 𝛿𝐾(𝑛 − 1) 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
                                                                 (9) 

where L is the extra expenditure incurred to deal with a flood. L is inversely proportional to 

the farmer’s ability to save:   

𝐿(𝑛) = {
(

𝐴𝐹

𝐴𝑇
)

(1 + 𝜑)2
𝐾(𝑛 − 1) 𝑖𝑓 𝜏 ∈ 𝑛

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

                                                                                   (10) 

This only allows for asset accumulation trajectories related to agricultural production to be 

examined. Field work is underway to identify how assets are actually accumulated (human 

capital, improvements in housing) (e.g., Barrett et al., 2013) and inform future model 

development. Preliminary results indicate that poor households do not accumulate any 
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financial assets, a finding which is consistent with previous studies on asset-based poverty 

traps in Bangladesh (Quisumbing and Baulch, 2013). The impact of floods on agricultural 

production means that these households are able to afford less food so risk becoming 

malnourished, leading to a serious decline in well-being. For these households, it is helpful to 

think of this economic metric of assets as representing a multi-dimensional level of 

household well-being.  The model parameters and state variables and associated definitions 

are summarised in Table 3. 

[Table 3 here] 

Results 

Simulating the Water-Poverty Trap 

A water-poverty trap materializes when agricultural production is negatively influenced by 

increasing flood damage and salinity levels. To explore this dynamic, environmental 

parameters (flood events, saline water intrusion and environmental stress parameters) are kept 

constant during this simulation, which is used to understand system dynamics under 

conditions with no environmental change. 

The results of the simulation are presented in Figure 2, which shows (from top to bottom) the 

time series of flood peaks, the fraction of area flooded, the soil salinity levels, the water 

infrastructure reliability and the annual income for a small landowner.  Under rapidly 

deteriorating water infrastructure and lack of maintenance, a declining income due to 

declining agricultural yields can be observed. The decline in income is driven by the lack of 

maintenance of the water infrastructure, or a ‘non-cooperative’ water system dynamic 

(Madani, 2010), which leads to a ‘tragedy of the commons’ type of outcome where the lack 

of institutions and incentives to operate and maintain the water infrastructure lead to 
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increasing soil salinity, increasing flood damage and subsequently decreasing agricultural 

production and declining incomes.  

[Figure 2 here] 

Figure 3 shows how flood events cause sudden drops in income levels and restrict households’ 

ability to accumulate assets, undermining the ability of small landowners to invest. The 

simulated income profile in Figure 3 is well aligned with income statistics for small 

landowners in rural Bangladesh shown in Table 1 (BBS, 2010). Differences between model 

results and national income statistics might be due to the fact that this model considers 

agriculture as the only income generating activity and that crop prices are assumed to be 

constant at 2013 levels. 

[Figure 3 here] 

To examine the asset dynamics under deteriorating water infrastructure, a poverty trap graph 

depicting the asset evolution was generated (Figure 4). In Figure 4, the 45-deg line shows a 

stable situation (no accumulation, no loss). If the point is below the 45-deg line, the asset 

going forward is lower than the asset from the previous year, implying a ‘poverty trap’ 

mechanism, if the point is above the line, then there is asset accumulation (i.e., no poverty 

trap). 

The left panel in Figure 4 shows how assets Kt+1 for the hypothetical farmers eventually end-

up below the 45-deg line (lower part of Figure 4, for assets less than 1000 tk). This dynamic 

leads to a ‘water- poverty trap’ whereby assets at future time-steps are lower than assets at 

antecedent time-steps. This limits the potential for investment and economic development. 

Figure 4 also shows the periodic drops in the asset variable due to extra expenditures incurred 

following a flood. 
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[Figure 4 here] 

Effects of Improvements in the Reliability, Operation and Maintenance of Water 

Infrastructure 

This section shows the effect of improvements in the reliability, operation and maintenance 

of the water infrastructure on the income and asset accumulation dynamics. The 

environmental parameters (salinity intrusion, flood events, environmental stress factors) were 

held constant in this simulation (values in Table 3) and the initial values for the water 

infrastructure variable were set to 0.4 to represent the present-day deteriorating system. This 

value was selected to reflect field evidence showing the poor state of the embankment (World 

Bank, 2013). This should not be interpreted as an actual assessment of the current reliability 

of the embankment, rather it should be viewed as a way of testing the model’s behaviour 

under a scenario of low reliability, operation and maintenance of the water infrastructure.  

The improvements are assumed to occur simultaneously following a period of rapid 

deterioration and lack of maintenance. Figure 5 shows the evolution of the system variables 

over time in response to the improvements in the reliability, operation and maintenance of the 

water infrastructure. The water security interventions and the lack of further deterioration 

lead to a drop in soil salinity levels and a significant reduction of the area flooded following 

flood events. 

[Figure 5 here] 

These improvements are reflected in higher agricultural yields and also more stable incomes 

for the farmer (Figure 6). In this instance, the hypothetical farmer is able to accumulate assets 

over time. This asset accumulation is reflected in Figure 7, showing how the asset values 

remain steadily above the 45-deg line. Under this scenario, the farmer is still susceptible to 
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asset losses due to flood events; however, the losses are considerably smaller than the ones 

suffered under the status quo simulations presented in Figure 4. 

 

[Figure 6 here] 

The asset dynamics plot (Figure 7) shows how improvements in water infrastructure 

reliability, operation and maintenance can help small landowners escape the poverty trap, 

thus avoiding a situation where declining incomes and assets perpetuate poverty. In this case 

study, the focus is on policy interventions directly related to water and their effects on 

poverty; however, other types of interventions, including access to loans, subsidies and 

markets could contribute towards improved well-being of communities in the coastal area of 

Bangladesh. 

[Figure 7 here]

Discussion 

The conceptual model presented in this study should not be viewed as an attempt to 

accurately model water and poverty dynamics in embanked areas in coastal Bangladesh, but 

as a proof-of-concept to (i) demonstrate how the impact of multiple water-related hazards and 

water security interventions on human welfare metrics can be modeled and quantified, (ii) 

generate insight into possible system trajectories and (iii) guide future model development 

and data collection. As with any system model, boundaries were drawn around the system, so 

have  significant factors that traverse those boundaries have been excluded. These factors 

include the multiple water influences upon human well-being and development in the coastal 

zone in Bangladesh, such as access to reliable and affordable drinking water supplies and 

adequate sanitation facilities and groundwater utilization for irrigation (Pal, Adeloye, Babel 
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and Das Gupta, 2011). Moreover, as with other emerging models of coupled human-water 

systems, parameterization of this model is based on preliminary estimates and validation is 

limited by lack of longitudinal empirical evidence (Gober and Wheater, 2015).  

The stylized nature of the conceptual model begs the question of the type of data that could 

be used to support future developments and parameterizations. A non-exhaustive list of 

possible data sources that could be used to improve the conceptual model is presented in 

Table 4. Improved understanding of the impact of water-related variables on human welfare 

metrics could be acquired via traditional survey methods, such as focus group discussion (e.g., 

Penning-Rowsell, Sultana and Thompson, 2011) or semi-structured interviews (Nasreen, 

Hossain and Azad, 2013; Azad and Khan, 2015), or unconventional techniques to collect 

socio-economic data such as financial diaries (Collins, Morduch, Rutherford and Ruthven, 

2009). High-resolution nightlight data could be used to estimate flood damages (Ceola, Laio 

and Montanari, 2015, Kocornik-Mina, McDermott, Michaels and Rauch, 2015; Gomez, Di 

Baldassarre, Rodhe and Pohjola, 2015), whilst mobile-based technologies could be used to 

map population movement in response to flood events (Lu et al., 2016).  Mobile based 

technologies could also be used to obtain rainfall (e.g., Overeem, Leijnse and Uijlenhoet, 

2013) and groundwater level data (Colchester, Greeff, Thomson, Hope and Clifton, 2014; 

Colchester, Marais, Thomson, Hope and Clifton, 2017) to constrain the environmental stress 

factor parameter in the model. Information on river dynamics and flows (Turner and Richter, 

2011), responsible for river bank erosion, and phytoplankton bloom dynamics (Castilla et al., 

2015), responsible for poor water quality and endemic cholera in Bangladesh (Islam et al., 

2015), could be obtained from citizen scientists (Buytaert et al., 2014) and added to the 

system model to simulate the impacts of poor drinking water quality on human welfare.  

[Table 4 here]  
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Alongside improvements in data sources, several components of the model could be 

upgraded by incorporating more physically based representations of biophysical processes. 

For instance, the approach developed by Mondal et al. (2015) to simulate rice yield in 

response to different levels of salinity could inform the agricultural component of the model. 

Similarly, higher resolution models of soil salinity dynamics under multiple land uses, 

climate conditions and sea-level rise scenarios could provide better estimates of salinity 

levels, especially if combined with hydrodynamic models as in Payo et al. (2017). Field data 

on soil salinity and crop tolerance could also provide more realistic estimates to constrain 

simulated crop yields. Improved representation of salinity processes could also allow for 

modelling of the impacts of flood events on salinity, as in some instances flooding may lead 

to reductions in salinity.   

Hydrodynamic models (e.g., Karim and Mimura, 2008) could be used to simulate more 

accurately inundation and subsequent retreat of the flood waters and also the extent of river 

bank erosion at present and under different levels of flood protection (e.g., Khan, 2015). 

Similarly, hydrodynamic models could be used to better quantify embankment damage 

following a storm surge event, to dynamically model flood area and depth depending on the 

embankment’s height and state. Sediment transport models (e.g., Mashriqui, 2003; Chen, Hsu, 

Shi, Raubenheimer and Elgar, 2015) can be used to assess sedimentation rates inside and 

outside embanked areas. This will inform assessments of the long-term implications of 

embankments on sediment compaction and subsidence (e.g., Auerbach et al., 2015), allowing 

planners to establish the need to implement sediment control techniques such as tidal river 

management, which involves the periodic controlled breaching and inundation of parts of the 

polders to allow for sedimentation (Hossain et al., 2015). Although the impacts of tidal river 

management have been assessed before (Khadim, Khan and Shum, 2013), they have never 

been considered as part of a broader framework seeking to appraise policy alternatives.   
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In terms of the wider use of this and future versions of the model, it is envisaged that they 

will feed into a coastal zone knowledge and monitoring water security observatory where the 

regional implications of environmental change and water insecurity are quantified to inform 

water-related investments in the area (e.g., see Ray et al. (2015) and Wheater and Gober 

(2015) for a similar concept in a river basin). The challenge of water security requires ‘place-

based’ science (Wheater and Gober, 2015) where monitoring, empirical data analysis and 

modelling are combined to quantify the response of coupled human-water systems to 

environmental change and adaptation interventions. Appraisal of water security interventions 

needs to occur within an adaptive system, and this model is a first step in the development of 

a water security monitoring and learning platform for coastal Bangladesh.  

Uncertainty around future hydro-climatic conditions has the potential to greatly influence 

efforts towards water security and opportunities for economic development (Hall et al., 2014; 

Garrick and Hall, 2014). For water security interventions to be valuable and effective, this 

uncertainty needs to be characterized and accounted for in the analysis of system dynamics. 

Methods to account for this uncertainty in long-term water resources management decisions 

exist (e.g., Haasnoot, Kwakkel, Walker and ter Maat, 2013; Simpson et al., 2016; Ray and 

Brown., 2015); and they should be mainstreamed in the appraisal of water security 

interventions alongside novel models coupling the dynamics of human-water systems. 

Conclusions 

This paper presents a first attempt to conceptualise and simulate the water and poverty 

dynamics occurring in coastal systems undergoing rapid environmental change.  The problem 

has been framed with a dynamical systems perspective to analyse the interactions between 

multiple water-related hazards (soil salinity and periodic flooding), agriculture-based incomes 
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and interventions and maintenance of water infrastructure in embanked areas in coastal 

Bangladesh.  

The coupled human-water system model shows how water-related hazards can substantially 

impact opportunities for economic and human development, leading to a water-poverty trap.  

The simulation study shows how interventions in water security, in the form of improved 

reliability, maintenance and operation of the water infrastructure, can help coastal 

communities escape this poverty trap.  

Results indicate that interventions to improve water security can have non-marginal impacts 

on indicators of welfare, switching the system dynamic from one of decline (a poverty trap) 

into one of growth. This suggests that appraisals of investments in water security should go 

beyond marginal approaches, which only quantify the direct impacts on specific sectors, to 

account for the non-marginal effects that improvements in water security might have on 

growth and development dynamics at multiple, nested scales and for different actors of 

society. 

Resources to finance water-related interventions in Bangladesh and other areas exposed to 

rapid environmental change are limited, therefore methods to prioritize investments to 

mitigate water-related risks are particularly needed. As also observed for the coastal zone of 

West Bengal, attempts at poverty alleviation in these exposed areas will involve a range of 

policy alternatives including out-migration (Sanchez-Triana, Ortolano and Paul, 2016). In the 

future, models driven by conceptual and theoretical understanding, such as the stylized model 

presented here, are going to be combined with ‘Big Data’ input to calibrate these models, 

monitor outcomes and appraise alternative policies within an adaptive learning and 

management approach.   
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Table 1.  Typical size of land owned and average annual income for a small farmer in Bangladesh adapted from 

Table 4.6 in BBS (2010). Saving fraction is a model parameter. 

Size of 

Land 

Owned 

(ha) 

Average Annual 

 Income (taka) 

Saving fraction  (as a % 

of annual income) 

0.5 130000 5 
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Table 2. Percentage of area covered by each crop, average yield, crop price and crop calendar. Data from Bangladesh 

Water Development Board (2012) and BBS (2013). 

Crop Area 

(% of 

land 

owned) 

Average yield 

(t/ha) 

Crop price 

(taka/kg) 

Crop 

calendar 

(inclusive) 

T. Aus (high yield 

variety) 

0.27 3.8 17.31 May-Aug 

T. Aman (local variety) 35.42 2.52 21.44 Aug-Nov 

T. Aman (high yield 

variety) 

36.56 3.60 44.19 Aug-Dec 

Boro (hybrid) 0.19 5.92 32.81 Jan-May 

Summer Vegetables 

(pumpkin) 

0.95 12 15.99 Mar-July 

Khesari (grass pea) 23.80 0.75 51.72 Nov-Mar 

Mugh 0.76 0.73 113.78 Jan-May 

Chili 0.91 1.2 47.97 Jan-Jun 

Sweet potato 0.76 13.8 15.62 Jan-May 

Maize 0.38 4.28 19.44 Jan-Apr 
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Table 3. Parameters and state variables used in the coupled human-water dynamical model. 

Parameter Definition Unit Value 

λ Average waiting time between flood events (-) 1/36 

γ Damage parameter (-) 5 

AT Total area available for agriculture in the 

polder 

ha 3260 

eF Environmental stress parameter (-) 0.4 

q Salinity intrusion parameter (-) 0.4 

de Water infrastructure deterioration rate (-) 0.005 

I Interventions to improve water infrastructure (-) 1 

β Water infrastructure damage parameter (-) 20 

𝜑 Saving fraction (-) See Table 1 

�̅�𝑥  Average yield per hectare for crop x (tonne/ha) See Table 2 

sp Normalized salinity profile (-) See Lázár et al. 

(2015) 

px Crop price for crop x taka See Table 2 

δ Depreciation rate of assets per year (-) 0.1 

State 

variable 

Definition Unit Equation 

F Magnitude of flood event (-) Poisson process 

τ Time of occurrence of a flood (month) Poisson process 

Yx Actual yield per hectare for crop x (tonne/ha) (1) 

Px Production for crop x (tonne) (2) 

π Agricultural income (taka) (3) 

AF Fraction of the polder inundated during a 

flood 

(-) (4) 

A Area available for cultivation (ha) (5) 

sL Salinity levels (-) (6) 

eR Reliability of the water infrastructure (-) (7) 

D Damage experienced by the water 

infrastructure following a flood 

(-) (8) 

K Asset taka (9) 

L Extra expenditure to deal with a flood taka (10) 
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Table 4. A non-exhaustive list of potential data sources to inform coupled human-water system models in coastal 

Bangladesh and examples of previous applications in water and/or poverty studies. 

Variable Data Source Example application 

Flood damage Satellite images of nocturnal lights 

(proxy for economic activity) 

Ceola et al. (2015); Kocornik-Mina et 

al. (2015) 

Rainfall Signal level data from microwave 

links in mobile communication 

networks 

Overeem et al. (2013) 

Water consumption Smart water meters Hope et al. (2012) 

Groundwater table depth Accelerometer data from handpumps Colchester et al. (2014) 

Phytoplankton dynamics  Citizen scientists Castilla et al. (2015) 

Population movement during 

and after flood events 

Mobile network data Lu et al. (2016) 

Change in soil water, surface 

water and groundwater 

storage  

Mass variability in Earth System 

measured via NASA's Gravity and 

Recovery and Climate Experiment 

satellite 

Richley et al. (2015) 

Water quality and salinity 

monitoring 

Wireless Sensor Network Corke et al. (2010) 

Household income and asset 

management 

Financial diaries Collins et al. (2009) 

Welfare and economic 

variables 

Longitudinal survey Morrow and Crivello (2015)  
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List of Captions 

Figure 1. Schematic of the interactions between water-related hazards and agricultural incomes in 

embanked areas in coastal Bangladesh.  

Figure 2. Model results under deteriorating water infrastructure and lack of maintenance. From top to 

bottom: time series of flood peaks, fraction of polder area flooded, monthly salinity level, 

embankment reliability, income. Income is measured in Bangladeshi taka (tk). 

Figure 3. Income (top) and asset (bottom) for the hypothetical household under deteriorating water 

infrastructure and lack of maintenance. Troughs in both incomes and assets reflect abrupt losses 

caused by flood events. Incomes and assets are measured in Bangladeshi taka (tk). 

Figure 4. Asset dynamics for the hypothetical farmer in the embanked areas. The grey line indicates a 

steady state of no asset accumulation. Points clustering below the grey line indicate a poverty trap 

situation where asset today is less than the asset yesterday. Assets are measured in Bangladeshi taka 

(tk). 

Figure 5. Model results following improvements in water infrastructure reliability, operation and 

maintenance. From top to bottom: time series of flood peaks, fraction of polder area flooded, monthly 

salinity level, water infrastructure reliability, income. Income is measured in Bangladeshi taka (tk). 

Figure 6. Income (top) and asset (bottom) for the hypothetical household under improvements in 

water infrastructure reliability, operation and maintenance. Troughs in both incomes and assets reflect 

abrupt losses caused by flood events. Incomes and assets are measured in Bangladeshi taka (tk). 

Figure 7. Asset dynamics for the hypothetical farmer in the embanked areas under improvements in 

water infrastructure reliability, operation and maintenance. The grey line indicates a steady state of no 

asset accumulation. Points clustering below the grey line indicate a poverty trap situation where asset 

today is less than the asset yesterday. Assets are measured in Bangladeshi taka (tk). 

 


